Abstract Variations in riverine solute chemistry with changing runoff are used to interrogate catchment hydrology and to investigate chemical reactions in Earth's critical zone. This approach requires some understanding of how spatial and temporal averaging of solute-generating reactions affect the dissolved load of rivers and streams. In this study, we investigate the concentration-runoff (C-Q) dynamics of a suite of major (Na, Mg, Ca, Si, K, and SO 4 ) and trace (Al, Ba, Cd, Co, Cr, Cu, Fe, Ge, Li, Mn, Mo, Nd, Ni, Rb, Sr, U, V, and Zn) elements in nested catchments of variable size, spanning the geomorphic gradient from the Andes Mountains to the Amazon Foreland-floodplain. The major elements exhibit various degrees of dilution with increasing runoff at all sites, whereas the concentrations of most trace elements either increase or show no relationship with increasing runoff in the three larger catchments (160-28,000 km 2 area). We show that the observed main stem C-Q dynamics are influenced by variable mixing of tributaries with distinct C-Q relationships. Trace element C-Q relationships are more variable among tributaries relative to major elements, which could be the result of variations in geomorphology, lithology, and hydrology of the subcatchments. Certain trace metals are also lost from solution during in-channel processes (possibly related to colloidal size-partitioning), which may exert an additional control on C-Q dynamics. Overall, we suggest that tributary aggregation effects should be assessed in heterogeneous catchments before C-Q or ratio-Q relationships can be interpreted as reflecting catchment-wide solute generation processes and their relationship to hydrology.
Introduction
The solute chemistry of streams and rivers holds elusive clues about chemical reactions in catchment systems, including mineral dissolution (i.e., chemical weathering), biological and redox transformations, and ion exchange. These reactions determine nutrient supply to ecosystems [e.g., Berner and Rao, 1994; Boyer et al., 2006; Saitoh et al., 2008; Hartmann et al., 2014; Hahm et al., 2014; Frings et al., 2016] , deliver dissolved material to the oceans [e.g., Gaillardet et al., 1999; D€ urr et al., 2011] , and influence the transport of contaminants [e.g., Shiller and Boyle, 1985; Meade, 1996; Yang and Sañudo-Wilhelmy, 1998; Jiann et al., 2013] . They also regulate Earth's long-term climate through the consumption of atmospheric CO 2 [Walker et al., 1981; Berner et al., 1983; Berner, 1992; Li and Elderfield, 2013] .
The concentrations of weathering-derived solutes are widely observed to covary with river discharge (referred to as runoff when normalized to catchment area) [e.g., Hem, 1948; Johnson et al., 1969; Godsey et al., 2009; Moon et al., 2014] . The origin of these concentration-discharge (C-Q) relationships has been attributed to a variety of processes including source mixing [Durum, 1953; O'Connor, 1976; Peters and Driscoll, 1987; Derry et al., 2006; Calmels et al., 2011; Kurtz et al., 2011; Peters et al., 2014; Liu et al., 2017] and ionexchange reactions [Miller and Drever, 1977; Clow and Mast, 2010] . More recently, hillslope-scale solute generation models have been developed and used to interpret C-Q relationships of major elements and, in some cases, to extract intrinsic weathering system parameters in both small and large catchments [Godsey et al., 2009; Maher, 2011; Maher and Chamberlain, 2014; Ibarra et al., 2016; Ameli et al., 2017] . Largely, these models focus on how the coupling between chemical reactions and fluid flow within hillslopes can lead to covariation between solute concentrations and fluid fluxes.
Water Resources Research

PUBLICATIONS
Available data show significant spatial variations in C-Q relationships [Walling and Webb, 1980; Kirchner et al., 1993a; Shand et al., 2005; Herndon et al., 2015; Godsey et al., 2009; Moon et al., 2014; Torres et al., 2015; Moatar et al., 2017] , consistent with model predictions. This spatial variability means that, in heterogeneous catchments, observed C-Q relationships can be modulated by the mixing of waters sourced from multiple tributary subcatchments with different C-Q relationships [Creed et al., 2015; Moquet et al., 2015; Torres et al., 2017] . Furthermore, for some elements, in-channel chemical reactions [Neal and Christophersen, 1989; Jacobson et al., 2002] may further act to modulate C-Q relationships. Taken all together, this implies that the C-Q relationships of different elements within the same river system may have different drivers, which can complicate efforts to use models of C-Q relationships to invert for weathering system parameters and to predict behavior of specific elements. That is to say, the interpretation of temporal variations in chemical and isotopic tracers in stream water can be strongly influenced by the aggregation of waters reflecting both spatial [Kirchner et al., 1993a; Kirchner, 2016a] and temporal [Kirchner et al., 1993b; Kirchner, 2016b] heterogeneity within the catchment, and these effects need to be considered before using temporal variations to understand solute-generating processes.
Recent efforts in data acquisition and compilation have resulted in a large collection of data on concentration variations with runoff for major elements [e.g., Godsey et al., 2009; Neal et al., 2013; Voss et al., 2014; Moon et al., 2014; Moquet et al., 2015; Torres et al., 2015; Ibarra et al., 2016] and a smaller collection of data for trace elements [e.g., Pettine et al., 1994; Shiller, 1997; Brezonik et al., 2003; Bagard et al., 2011; Neal et al., 2013; Gaillardet et al., 2014] . Multiple major and trace elements and their isotopic compositions are also used or currently being developed as paleoenvironment proxies [e.g., Derry and France-Lanord, 1996; Archer and Vance, 2008; Misra and Froelich, 2012; Moore et al., 2013; Georg et al., 2013; Pogge Von Strandmann et al., 2014; Bruland et al., 2013] , which requires rigorous calibration of their geochemical behavior during critical zone processes. Trace metals can be concentrated in trace mineral phases and are typically sensitive to secondary reactions [e.g., Murnane and Stallard, 1990; Shiller and Mao, 2000; Stef ansson and G ıslason, 2001; Gaillardet et al., 2014; Dellinger et al., 2015] , colloidal versus soluble size fractionation [e.g., Viers et al., 1997; Pokrovsky et al., 2006; Bagard et al., 2011; Bern et al., 2011; Mulholland et al., 2014; Ilina et al., 2016] , and nonconservative behavior [e.g., Cerling and Turner, 1982; Mouvet and Bourg, 1983; Erel et al., 1991; Aucour et al., 2003; Mulholland et al., 2014; Gaillardet et al., 2014; Guinoiseau et al., 2016] . As such, trace element C-Q dynamics can yield useful information about processes that may not be apparent from major element C-Q relationships alone, including the effects of spatial heterogeneity, tributary mixing, and in-channel chemical reactions. However, little work to date has explored trace element C-Q dynamics systematically and assessed how aggregation effects might influence the use of trace elements as hydrochemical proxies.
In this study, we investigate aggregation effects on major and trace element C-Q relationships in four nested catchments along the Andes-Amazon geomorphic gradient. Torres et al. [2015] presented major element data from these sites, showing that C-Q relationships vary systematically from high to low elevation, and raised possible hypotheses for this variation, favoring a role for hillslope mineral and fluid residence times based on a systematic trend in C-Q relationships with catchment slope angles. Here we revisit the possible mechanisms for generating variable C-Q relations at these sites in light of our new trace element data and an accompanying tributary mixing framework. We particularly focus on the role of mixing of heterogeneous sources, a possibility raised by Torres et al. [2015] and considered in more detail in a companion paper [Torres et al., 2017] . To do this, we utilize coupled C-Q measurements in two small nested Andean catchments and a water and solute mixing model based on conservative tracers dD, Na, and Cl in the larger Madre de Dios River system (model development is described in Torres et al. [2017] ).
Methods
Study Sites
The primary sites for which concentration-runoff data were collected in this study are four nested catchments located in Peru. These sites span a geomorphic gradient from the Andes Mountains to the Amazon Foreland-floodplain (Table 1, Figure 1 ). Additional tributaries were also sampled across the study region. The major element concentration-runoff data at the four nested catchments were presented by Torres et al. [2015] and the acid and alkalinity sources were apportioned by Torres et al. [2016] , from whom we borrow Field stations used as site names in Torres et al. [2015] are given in parentheses. MLC 5 Manu Learning Center. c Tributary labels (A-D) used in the companion paper [Torres et al., 2017] are given in parentheses. the site naming convention. Note that samples from the Alto Madre de Dios River used in this study (see Figure 1 ) include time series samples from the Mountain-front site at Manu Learning Center (MLC) [Torres et al., 2015 [Torres et al., , 2016 as well as additional samples collected further downstream, just above the confluence with the Manu River, and used for constraining tributary mixing [Torres et al., 2017] .
The Andean (Mountain-1 and Mountain-2) catchments are primarily underlain by Paleozoic (450 Ma) metasedimentary mudstones with some carbonate cements [Carlotto Caillaux et al., 1996; Torres et al., 2016] . The Mountain-2 catchment also contains a minor Paleozoic felsic plutonic unit (21% of area) [Carlotto Caillaux et al., 1996; Clark et al., 2013] . The Mountain-front catchment lithology is composed of Paleozoic metasedimentary rocks, Paleozoic plutonic rocks, and Paleozoic marine sedimentary rocks [Mend ıvil Echevarr ıa and D avila Manrique, 1994; Carlotto Caillaux et al., 1996; Vargas Vilchez and Hipolito Romero, 1998; INGEMMET, 2013] . The Foreland-floodplain is largely underlain by sediments shed from the Andes with additional contributions from Cretaceous marine sediments and Cenozoic continental deposits [Mend ıvil Echevarr ıa and D avila Manrique, 1994; Carlotto Caillaux et al., 1996; Vargas Vilchez and Hipolito Romero, 1998; INGEMMET, 2013] . Previous studies have classified soils within the Mountain-1 and Mountain-2 catchments as histic Lithosol and umbric Gleysol, respectively, with well-developed (10-20 cm) organic surface layers, whereas Foreland-floodplain soils are typically Ultisols with very little organic matter accumulation [Girardin et al., 2010; Zimmermann et al., 2012] .
The water budgets of the Andean catchments were previously investigated in detail by Clark et al. [2014] . During the main study period (2010) (2011) , annual rainfall was 2519 6 335 and 3112 6 414 mm/yr for the Mountain-1 and Mountain-2 catchments, respectively, slightly above the long-term average (based on TRMM and rainfall gauge data) [see Clark et al., 2014] . Precipitation in the Foreland-floodplain ranges from 2600 to 3500 mm/yr, with mean values between 2700 and 3000 mm/yr, depending on location [Lambs et al., 2012] .
Sample Collection
We have measured trace element concentrations on a subset of samples previously used by Clark et al. [2014] and Torres et al. [2015 Torres et al. [ , 2016 . Time series samples were collected throughout 2010 and early 2011 into clean polypropylene (PP) bottles, after filtering on-site with a 0.2 lm porosity nylon filter. Additional tributary samples were collected (one sample for each tributary shown in Figure 1 ) moving downstream over a period of 3 days in both March and August 2013 (these samples were used in the tributary mixing model and are equivalent to the majority of samples also analyzed by Torres et al. [2017] ) and again in May 2016 (to determine size-partitioning). These tributary samples were collected in clean plastic bags (2013) or plastic syringes (2016) and filtered through 0.2 or 0.45 lm porosity polyethersulfone (PES) filters into polyethylene or polypropylene bottles within 24 h of collection. For all collection periods, aliquots for cation and trace metal analyses were acidified with trace clean HNO 3 or HCl, and separate aliquots for anion and water isotope analyses were left unacidified. Subsets of the samples collected in May 2016 were additionally filtered through 0.02 lm Anotop syringe filters immediately upon collection and also acidified for trace element analysis. In the following text, we refer to the 0.2 or 0.45 lm filtrate as the ''bulk dissolved'' fraction and the 0.02 lm filtrate as the ''soluble'' fraction.
Discharge was measured at each of the nested catchment sites as described by Clark et al. [2014] and Torres et al. [2015] . Briefly, river level and velocity were monitored manually at all sites and converted to discharge using a rating curve. A total of 28, 22, 20, and 11 points were used for the rating curve at the Mountain-1, Mountain-2, Mountain-front, and Foreland-floodplain catchments, respectively. For the Mountain-2 site, river level was also monitored with a water level logger that recorded river level measurements every 15 min. Discharge corresponding to the wet and the dry season samples used in the tributary mixing model at the Foreland-floodplain site was measured using Acoustic Doppler Current Profiler (ADCP) [Admiraal and Demissie, 1996] instruments (RD1 Sentinel in March 2013 and SonTek M9 in August 2013).
Analytical Procedures
Major and some minor solutes were previously analyzed by Torres et al. [2015] . Briefly, Na, K, Mg, Ca, Si, Li, and Sr concentrations were measured using an Agilent Microwave Plasma-Optical Emission Spectrometer (MP-OES). Sulfate and chloride concentrations were measured on the unacidified aliquot with a Metrohm
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Ion Chromatograph equipped with a Metrosep A4/150 column and conductivity suppression. Precision and accuracy were assessed by analyzing ION-915 (Environment Canada) certified reference material interspersed with samples. Reproducibility of replicate analyses was better than 5% (1r) for all analytes.
Trace element data were acquired as part of this study. Trace elements were analyzed using a Thermo Scientific Element 2 inductively coupled plasma mass spectrometer (ICP-MS). External calibration curves were used along with signal normalization using an internal Indium standard. The accuracy and precision were determined by replicate analyses of SLRS-5 (National Research Council Canada) and TMDA-51.4 (Environment Canada) certified reference materials. Analytical precision ranged from 1 to 8% (1r), depending on the element. SRM recoveries ranged from 90 to 110%, always within the certified uncertainty range, where available. Germanium concentrations were measured using isotope dilution hydride generation ICP-MS, utilizing the method developed by Mortlock and Froelich [1996] and modified by Baronas et al. [2016] . The accuracy and precision based on multiple replicates of NIST-3120a and internal river water standards were better than 5%.
Data Analysis 2.4.1. Concentration-Runoff Regression Analysis
The relationship between major solute concentrations and runoff, at least over the range of most commonly observed runoff values, can be approximated with power law relationships [Godsey et al., 2009; Moon et al., 2014; Torres et al., 2015] :
where C is the dissolved concentration of the element of interest, Q is discharge (volume per time) or areanormalized runoff (length per time), and a and b are fitted parameters. The b exponent describes the steepness and the curvature of the C-Q relationship. The data presented below show that, unlike major solutes, many trace element concentrations do not exhibit clear relationships with runoff, consistent with observations in other studies of riverine trace element concentrations [e.g., Kirchner and Neal, 2013] . Therefore, in these cases, a power law regression model is not necessarily more descriptive than, for example, a linear regression model. However, in those cases where trace element concentrations do show significant relationships with runoff (as indicated by their p-values), the power law in general provides a better fit than a linear model (not shown), as indicated by higher degrees-of-freedom adjusted R 2 values. For this reason, and for the ease of comparison between different elements, we fit all solute C-Q relationships with a power law model as in equation (1). The fit parameters and the degrees-of-freedom adjusted R 2 values were extracted using the Curve Fitting Toolbox available in Mathworks MATLAB R2016a software. The correlation p-values for testing the null-hypothesis (i.e., that there is no relationship between C and Q) were extracted using MATLAB's corrcoef function. Adjusted R 2 is corrected for degrees-of-freedom in the fit model according to the following formula:
where n is the number of data points (samples) in the regression and m is the number of fitting parameters (m 5 2 for both linear and power law fits). This formulation can sometimes yield negative adj. R 2 values, either when unadjusted R 2 is very close to zero and/or when n is small. Functionally, all adj. R 2 0 values are equivalent and imply no statistical correlation between the regressed variables.
Correlation Analysis
The correlation of the analyzed solutes with runoff (C-Q) and with each other (C-C) was assessed by calculating statistical goodness of fit parameters (R and p-values) for regression trends between all variables (i.e., runoff and concentration of each solute). The trace element concentrations were measured only on a subset of the samples for which major element data were available, so this analysis was carried out on the samples which had the largest number of solutes measured. Additionally, certain trace elements which had lower data density (for example, due to a number of concentrations below the detection limit; see supporting information Table S2 ) were excluded from this analysis. For consistency with C-Q power law fits discussed elsewhere in this study, all C-Q correlation coefficients were calculated after log-log transformation. All C-C correlation coefficients were calculated in linear space. All variables included in the analysis (runoff and solute concentrations) were normalized to have means of 0 and standard deviations of 1 using MATLAB's (Figure 1 ). The methodology and the results of water discharge mixing calculations are described in detail in the companion paper by Torres et al. [2017] . Briefly, we utilize the distinct water isotope ratios and Na and Cl concentrations of the various tributaries in the larger Madre de Dios catchment (Figure 1 ) to calculate the fractional contribution of each tributary to the total water flux at the Foreland-floodplain site during the wet and the dry season. Uncertainty in our mixing model analysis arises from measurement uncertainty as well as storm events that occurred during sampling, which modified the chemical compositions and discharges of some tributaries. The overall uncertainty is assessed using a Monte Carlo approach, where each tributary's composition is selected randomly from within analytical uncertainty and the calculation is repeated 1000 times. Each set of water flux values is then multiplied by solute concentrations (also randomly selected from within analytical uncertainty) 1000 times for storm and nonstorm conditions each, resulting in 2 million individual solute flux calculations for each analyzed element. The model results are then optimized by ensuring that the calculated Na and Cl concentrations match those measured at the Foreland-floodplain site, typically retaining about 10-30% of the calculated values. With the chosen number of repeated calculations, the median and the confidence intervals of each calculated flux are highly reproducible between different model runs. In this study, we applied this model (as developed in Torres et al. [2017] ) to the extended suite of major and trace elements.
Mineral Saturation Calculation
The calculation of mineral saturation indices was performed for several river water samples collected during low and high runoff using Geochemist's Workbench Edition 11.0.5. Saturation Index is defined as SI 5 log (IAP/K sp ), where IAP is the ion activity product of relevant dissolved species and K sp is the equilibrium solubility product of a given mineral. We used average annual temperature at each given site. Dissolved oxygen concentration was assumed to be at saturation for the given temperature, and bicarbonate concentration was calculated by assuming charge balance of the dissolved major ions. There is no pH data available for the samples discussed here, but separate measurements of Madre de Dios water in May 2016 yielded pH values between 6 and 7. The thermodynamic calculation was therefore done for all samples twice, assuming pH of either 6 or 7. The choice of pH had a relatively small effect on most calculated SI values. The parameters used in calculating saturation indices and the results are given in supporting information Table S5 .
Results
The ranges of bulk dissolved (<0.2 lm filtrate) element concentrations and runoff measured at each of the four time series sites are presented in Table 2 and Figure 2 . The individual sample data are given in supporting information Table S2 . Discharge measurements and major element, Li, and Sr concentrations were reported previously by Torres et al. [2015] and are used for discussion purposes alongside the trace element data presented in this study. For the readers' convenience, the data from Torres et al. [2015] are also included in supporting information Table S2 .
Trace metal (note: all trace elements measured in this study are metals, and therefore the two terms, metal and element, will be used interchangeably) concentrations in the Kosñipata and Madre de Dios Rivers range from pmol/L (e.g., U, Ge) to lmol/L (e.g., Fe, Al, Sr, Li), generally consistent with previous observations in other pristine rivers [Gaillardet et al., 2014] . As reported by Torres et al. [2015] , major element concentrations show minor temporal variations, especially at the Andean sites ( Figure 2 ). In contrast, trace metal concentrations are much more variable with time at each site, as well as between the different sites. For some elements, variations span 3 orders of magnitude across the sampled catchments ( Figure 2 ). 
Intersite Variation in Element Concentrations
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Mountain-2) to the Mountain-front but increase again in the Foreland-floodplain. In contrast, SO 4 , Cd, and Nd decrease moderately but continuously from Mountain-1 to the Foreland-floodplain, and Mn, Li, Ni, and Co decrease by 2-3 orders of magnitude along the elevation gradient. Cu, Zn, Fe, and Al do not show systematic intersite changes.
Intrasite Variation in Element Concentrations
The temporal variations in runoff and dissolved element concentrations measured at each given site over a period of 9-16 months are presented in supporting information Figure S1 . Subdaily variations (measured over a period of 2-3 weeks in 2010) are presented in supporting information Figure S2 . Once again, there is a clear distinction between the major and trace elements. Most of the variability in major element concentrations occurs over seasonal time scales, whereas certain trace element concentrations can change significantly on a time scale of days and sometimes hours (supporting information Figure S1 ). These differences between elements are further showcased in their concentration-runoff relationships, discussed below. Again, we note that the differences between major and trace element C-Q relationships reported in this study are observed in other riverine data sets [e.g., Kirchner and Neal, 2013] .
Concentration-Runoff Relationships
The concentration-runoff (C-Q) relationships of major elements, as well of Li and Sr, were previously discussed in detail by Torres et al. [2015] . Briefly, Na, Mg, Ca, Si, Li, Sr, and SO 4 exhibit strong correlation (Adj. R 2 5 0.3-0.8; p-values < 0.01; Table 3 and Figure 3 ) with runoff that indicates various degrees of dilution with increasing runoff (C-Q power law slopes between 21 and 0; termed dilutional-chemostatic). Potassium is the only major element that behaves differently, showing no dilution at the Mountain-1 and Mountainfront sites and possibly a moderate increase at higher runoff at the Mountain-2 site (p 5 0.08). However, K concentrations are relatively low (3-30 lmol/L across all sites), and appear to behave similarly to Fe and Al, which are considered trace elements in natural waters.
In contrast to the major elements, most trace metals show a much weaker correlation (Adj. R 2 from 20.1 to 0.8; p-values from <0.01 to 0.9) with runoff (Table 3, Figure 3 ). Almost all trace metals at the Mountain-1 site show a chemostatic-dilutional relationship with runoff that mimics the major elements (i.e., zero to negative Table 3) . A large portion of the trace elements exhibit C-Q relationships that are unlikely to be statistically significant (4, 7, and 11 out of 16 trace elements analyzed at the Mountain-1, Mountain-2, and Mountain-front sites, respectively, have C-Q p-values > 0.1 and 6 out of 14 analyzed at the Forelandfloodplain site have p-values > 0.1), which may imply chemostatic behavior. However, a number of trace elements show relatively large concentration variations independent of runoff, resulting in large uncertainty of their b exponents (Figure 4) , which precludes the interpretation of the their C-Q relationships as chemostatic.
In summary, most major elements demonstrate statistically significant dilutional-chemostatic behavior (-1 < b < 0, small uncertainty) at all sites, whereas most trace elements exhibit similar negative b exponents at the Mountain-1 site but switch to either positive b exponents, chemostatic behavior (b 0), or no identifiable relationship with runoff (large b uncertainty) at the other sites. Figure 5 shows the correlation between runoff and the concentrations of most of the elements measured in this study. Major elements, Li, and Sr are always strongly correlated with each other, except for K, which joins the cluster only at the Foreland-floodplain site. The negative correlation between major elements and runoff becomes stronger (i.e., higher R values in Figure 5 ) with decreasing elevation, as described previously [Torres et al., 2015] . Although not as strongly, other trace elements also show negative correlation with runoff and positive correlation with the major elements at the Mountain-1 site. At the other three sites, however, most trace elements are to varying degrees anticorrelated with the major elements and positively correlated with runoff ( Figure 5 ). The correlation of the major elements (including Li and Sr) with each other, the correlation of several of the trace elements with each other (e.g., Al, Fe, Mn, V, Cr, Nd), and the decoupling (anticorrelation) of the two groups becomes stronger with decreasing elevation and increasing catchment area from Mountain-2 to the Foreland-floodplain.
Correlation Analysis
Soluble Versus Colloidal Size-Partitioning
To better elucidate the controls on river trace element chemistry across the geomorphic gradient, a number of samples were filtered to separate the soluble (also sometimes referred to as the ''truly dissolved'' fraction and defined here as 0.02 lm filtrate) and the colloidal (defined as the difference between the 0.02 lm and the 0.2 lm filtrates) concentrations at the four time series sites discussed above, as well as the two small Andean rivers joining to form the Kosñipata River at Wayqecha (Table 1, Figure 1 ).
The results are summarized in Table 4 and Figure 6 . The size-partitioning varies from element to element, as well as from site to site. Si is completely soluble within analytical uncertainty at all the sites, in agreement with data from other rivers [e.g., Pokrovsky et al., 2006] . Nd is the only element found predominantly in the colloidal phase at all the sites (48-94% colloidal). Fe is also consistently colloidal (77-89%), except for the Andean stream Alipachanca (0%) that has unique chemistry with extremely high soluble concentrations of several trace elements, especially Fe (55 lmol/L). Several streams contributing to Alipachanca are likely to have extremely high Fe concentrations, based on the bright orange color of their suspended load as observed in the field. The Alipachanca is one of the two main tributaries that join to form the Kosñipata River at the Mountain-1 site, which therefore results in the relatively low colloidal Fe at this site (12%).
Rb and V are found predominantly in the soluble phase across all sites. The colloidal Ba fraction ranges from 0 to 19%. Colloidal Mn and Co partitioning varies distinctly between study sites: the colloidal fraction is low in the Andean streams (0-5%) but increases up to 96% and 73%, respectively, in the Foreland-floodplain. U displays the opposite behavior, with the colloidal fraction up to 100% in the Andean streams but almost entirely soluble partitioning in the Foreland-floodplain (Table 4 and Figure 6 ).
Discussion
The theory for mixing of tributary C-Q relationships is outlined in more detail in the companion paper [Torres et al., 2017] and is briefly reviewed here. Let us consider two hypothetical tributaries that mix prior
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to the sampling site. Both tributaries have concentrations (C) that vary as a power law of runoff (Q) (equation (1)). Let us then imagine that they have different values of the preexponential parameter a but identical values of exponent b. If the mixing ratio of these tributaries varies with runoff (e.g., tributary 1 consistently contributes more solutes at high Q), then the resulting mixture will have a different b exponent value, despite the fact that the two mixing tributaries had the same value of b. In fact, the concentration of the sampled mixture does not have to be a power law function of discharge at all. This is also the case if the two tributaries have the same parameters a but different b exponents. In summary, C-Q relationships can be impacted by mixing if (1) C-Q relationships vary between contributing tributaries and (2) if the mixing ratio of these tributaries varies temporally. Below, we use our trace element data set to investigate the role of mixing in modulating C-Q relationships by identifying spatial variations in C-Q relationships and temporal variations in mixing ratios. We first consider how the C-Q dynamics of the Foreland-floodplain site are Table 3 ) and in some cases extend outside the plot bounds. Ni and Mo at Foreland-floodplain are not fit due to the small number of data points. Note the different y axis scale for Nd.
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influenced by mixing of its major tributaries (section 4.1), and then how mixing affects the smaller Andean headwater catchments (section 4.2). Next, we evaluate the physical and chemical processes that may lead to heterogeneous solute production and associated mixing effects (section 4.3). Finally, we consider the implications of these results (section 4.4).
The Influence of Mixing on Concentration-Runoff Relationships at the Foreland-Floodplain Site
The Madre de Dios (MdD) catchment upstream of the Foreland-floodplain site can be divided into four main tributaries (Figure 1) , of which the Alto Madre de Dios (represented by the Mountain-front site) and the Manu have the largest catchment areas and the majority of their catchment area within the Andes Mountains, which we define as greater than 400 m elevation (see companion paper by Torres et al. [2017] ). In contrast, the Colorado and Chiribi Rivers have smaller catchment areas and a majority of their catchment areas is at less than 400 m elevation. Figure 5 . Correlation coefficients between major and trace element concentrations and runoff (Q). C-C correlations are calculated in linear space, whereas C-Q correlations are calculated after log-log transformation. Coefficients for correlations with p > 0.1 are grayed out. Note that the R and p-values calculated here are slightly different from those reported in Table 3 because only those samples that had all the represented solutes measured were used in the analysis here. The exact R and p-values are given for all significant and insignificant relationships in supporting information U H u a l l p a y u n c h a A l i p a c h a n c a M o u n t a i n -1 M o u n t a i n -2 M o u n t a i n -f r o n t 
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Here we combine the water fluxes partitioned by tributary using the mixing model (see section 2 and Torres et al. [2017] ) with the measured solute concentrations (supporting information Table S1 ) to apportion the contribution of each tributary to the total flux of each element at the Foreland-floodplain site (Figure 7) . The tributaries represented in the mixing model comprise 90% of the total MdD catchment area upstream of the Foreland-floodplain site. We note that these calculations assume conservative behavior for each individual solute, which is reevaluated in section 4.3.3. The results show that major elements, as well as Li, Sr, and U, are primarily supplied by the two tributaries with extensive Andean headwaters-the Alto Madre de Dios (Alto MdD) and the Manu. Importantly, the relative contribution of these elements by the Manu decreases significantly in the wet season due to an increase in the relative discharge of the other three tributaries (Figure 7 ) that are more dilute with regard to major ions, Li, Sr, and U (supporting information Table S1 ). As a result, the negative C-Q b exponents observed at the Foreland-floodplain site for these elements are to a large degree the result of decreasing contribution from the Manu. This is demonstrated in Figures 4 and 5) ; however, we lack data to include it in the tributary mixing model.
In contrast, the fluxes of most other trace metals are dominated by the Alto MdD and the Colorado (one of the lowland tributaries), with less input from the Manu. Despite often contrasting trace metal concentrations in the Alto MdD and the Colorado (supporting information Table S1 ), the fraction of flux contributed by each tributary, i.e., the effective mixing ratio, does not change significantly from dry to wet season (Figures 7 and 8) . As a result, most of these trace metals exhibit b exponents indistinguishable from 0 within uncertainty and/or statistical significance (Table 3 , Figure 4 ), as their concentrations are buffered by the relatively constant contribution from the lowland tributaries, especially the Colorado (Figures 7 and 8) .
It therefore appears that the larger differences between b exponents of different elements (Figure 4 ) and the stronger anticorrelation of major and trace elements ( 
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values are derived from statistically weak C-Q fits (e.g., Al, Fe, V, and Co all have p-values > 0.1), they fit a relationship with the tributary mixing ratio (i.e., the x axis in the top two panels of Figure 8 ) that is consistent with the statistically significant (p < 0.01) b exponents (major elements, Li, Sr, Mn, Cr, Nd, U, and Ge).
The above discussion demonstrates the utility of analyzing and considering a large range of major and trace elements together. Tributary mixing effects would be much more difficult to detect if either the major or the trace elements were looked at in isolation (e.g., in Figure 8 ).
The Influence of Mixing on Concentration-Runoff Relationships in the Andes
Our results suggest that discharge-related variations in the relative contributions from different tributary subcatchments account for some of the variability in solute concentrations observed at the Forelandfloodplain site (28,000 km 2 catchment area). Before analyzing the smaller catchments for analogous mixing effects, we note that with decreasing catchment elevation and increasing area most elements show systematic trends toward either more positive or more negative b exponents (Figure 4) , and the major versus trace element anticorrelation becomes more apparent ( Figure 5 ). Especially striking is the difference in b exponents between the two small Andean catchments. The smaller of the two-Mountain 1 (50 km 2 area)-consistently exhibits b exponents between 20.5 and 20.2 for the vast majority of the analyzed elements (Table 3 , Figure 4 ). In contrast, the trace element C-Q dynamics at Mountain-2, despite the catchment being only about three times larger (160 km 2 ) than Mountain-1 and only about 10 km downstream (Figure 1) , are much more akin (i.e., most trace element b exponents 0) to those of the whole Alto MdD catchment (6000 km 2 ) represented by the Mountain-front site (Figures 3 and 4) . This suggests that the Mountain-2 catchment may include enough spatial heterogeneity to significantly affect some of the C-Q relationships observed at this site.
To further evaluate the aggregation effect on C-Q relationships at the Mountain-2 site, we have utilized a set of concentration-runoff sample pairs taken at the same time at the Mountain-2 and Mountain-1 sites, since Figure 3 ) as a function of the seasonal (from dry to wet) change in the fraction of total flux of each element contributed by each of the four main tributaries (using median f X values; see section 4.1 and Figure 7 ). Small gray symbols represent the elements for which the f X -Q fit had a p-value above 0.1. The color of the larger symbols represents the degrees-of-freedom adjusted R 2 value of the C-Q power law fit. Error bars are the 95% confidence interval of the b exponent value.
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the latter comprises the upper portion of the catchment drained at Mountain-2 (Figure 1c) . The upper (Mountain-1) and the lower (between Mountain-1 and Mountain-2) parts of the catchment exhibit contrasting C-Q relationships for a number of solutes (supporting information Figure S3 ) [see also Torres et al., 2017] , indicating that there is potential for variable mixing to affect C-Q relationships observed at Mountain-2. To assess variability in tributary mixing for each of the elements in this study, we calculate the fraction of each solute flux (f X , where X is the solute of interest) at Mountain-2 that is derived from its upper subcatchment Mountain-1, similar to the mixing model analysis of the Foreland-floodplain catchment presented above:
where C is the concentration of element X in mol/L and Q is the water discharge in L/d. The utilized samples and the calculated values are given in supporting information Table S4 . This calculation assumes conservative behavior of solutes during mixing of tributaries within the Mountain-2 catchment, which may not always be valid, especially for trace elements during mixing of large tributaries (section 4.3.3). However, nonconservative behavior is likely to be less important in small catchments such as those discussed here.
The relationships between f X and runoff at Mountain-2 for all the analyzed elements are shown in supporting information Figure S4 . For all elements, the f X values show either no relationship or decrease with increasing runoff at the Mountain-2 site, in the latter case indicating that the lower subcatchment, i.e., the area outside the Mountain-1 subcatchment (Figure 1c ), contributes more solutes during periods of increased runoff. This mixing-runoff relationship is discussed in more detail in the companion paper [Torres et al., 2017] . The robustness of the f X -Q trends can be tested through their respective R 2 and p-values (supporting information Figure S4 ). In the case of trace elements, due to the smaller number of concurrent data points available (n 5 7-9), it is important to adjust the R 2 values for the number of the degrees-of-freedom in the fitting model, as this gives more robust (and usually lower) R 2 values (equation (2)). Lower p-values and higher adjusted R 2 values of the f X -Q fit indicate a stronger relationship between the subcatchment mixing ratio and the observed runoff. Similarly to the Foreland-floodplain site, there appears to be a relationship between the element-specific b exponent and how strongly the flux of that element depends on a specific subcatchment at the Mountain-2 site-in other words, the extent to which the relative contributions from individual subcatchments vary with discharge-which can be represented by the adj. R 2 value (Figure 9 ) or the slope of the f X -Q relationship (supporting information Figure S5 ).
For major and trace elements with p-values < 0.1, there is a clear relationship between either the adj. R 2 or the slope of f X -Q fit and the b exponent of the C-Q fit, which suggests that runoff-related variations in tributary mixing contribute to differences in concentration-runoff relationships between different solutes. Solutes that have adj. R 2 values closer to zero are more evenly generated across the whole Mountain-2 catchment. This is the case for most major elements (Figure 9 ), which indicates that their lower b exponents are more likely to be the result of hillslope-scale processes rather than variable mixing. The controls on trace elements appear more complex, with generally positive b exponents regardless of the f X -Q correlation, which may be the result of variable secondary reactions (see discussion below). The elements that are most affected by variable mixing (Al, Fe, Mn, Nd), however, tend to have the most positive b values, while K and Cd fall in-between (Figure 9 ). At high runoff, their concentrations at the Mountain-2 site increase, at the same time as the contribution from the Mountain-1 subcatchment decreases. As such, these solutes are mostly sourced from the lower part of the Mountain-2 catchment (i.e., the part that is not encompassed by the Mountain-1 subcatchment). The same conclusion is reached if the b exponent value is compared to the slope of the f X -Q fit, although there are large uncertainties associated with both parameters (supporting information Figure S5) . Overall, this analysis shows that the C-Q behavior of trace elements, and possibly some major elements, can be strongly influenced by spatial heterogeneity in catchments even as small as 160 km 2 .
Even at the scale of the Mountain-1 catchment, there appears to be significant heterogeneity in solute generation. The Mountain-1 site is directly downstream of a confluence of two streams (Alipachanca and Huallpayuncha; Figure 1 is also possible that the relatively even rainfall distribution over the Mountain-1 catchment [Clark et al., 2014] results in a relatively constant tributary mixing ratio even across a wide range of runoff values.
The Decoupling of Major and Trace Element C-Q Behavior
In the preceding discussion, we have demonstrated that the major and trace elements exhibit different C-Q relationships, both in the small Andean streams (section 4.2) as well as the larger Madre de Dios catchment (section 4.1). We ascribe this decoupling to variable mixing of tributaries with distinct C-Q relationships, especially in the case of trace metals. Concentrations of trace metals are known to be strongly impacted by secondary reactions, such as precipitation and adsorption on oxides and aluminosilicate clays [Gaillardet et al., 2014, and references therein] . These reactions could potentially have a significant impact on the observed C-Q relationships, for example, if secondary mineral precipitation rates are sensitive to fluid flow paths and transit times, which are likely to change with runoff [Godsey et al., 2009; Maher, 2011] . Full investigation of these effects, however, requires observations at the hillslope and soil profile level [for example, see Kim et al., 2014 Kim et al., , 2017 and is outside the scope of this study. Nonetheless, in this section, we provide an overview of the various aspects of the Madre de Dios system that can influence C-Q relationships by imposing differences on tributary chemistry, or through other means.
The Potential Role of Lithology and Anthropogenic Contamination
Compared to the monolithologic Mountain-1 catchment, a portion of the lower Kosñipata catchment drained at the Mountain-2 site is underlain by felsic plutonic igneous rocks (20% of total catchment area) [Clark et al., 2014] , which may be the cause of distinct C-Q relationships of multiple solutes (especially trace elements) when comparing between the upper and the lower parts of the catchment (as described in section 4.2) [also see Torres et al., 2017] . While the Kosñipata (Mountain-1 and Mountain-2) and Alto MdD (Mountain-front) catchments are primarily underlain by Paleozoic shales and a plutonic unit, the larger MdD catchment as sampled at the Foreland-floodplain site incorporates a much wider array of sedimentary deposits of various ages [Torres et al., 2016] . Based on the high Mg and Ca concentrations (Table 2) , the Manu tributary is likely to be draining a more carbonate-rich lithology. As a result, carbonate-supplied elements should have C-Q relationships with a much higher pre-exponential parameter a (equation (1)) in the Manu compared to the other tributaries, rendering them more sensitive to mixing effects at the Forelandfloodplain site. Besides Ca and Mg, this effect is also apparent for Sr and U (Figures 7 and 8 ), which are trace elements often mobilized from carbonate rock dissolution [e.g., Gaillardet et al., 2014] and are indeed observed at high concentrations in the Manu river (supporting information Table S1 ). Figure 9 . The slopes (b exponents) of C-Q power law fits for the Kosñipata River at the Mountain-2 site as a function of the degrees-offreedom adjusted R 2 value for a linear fit between the fraction of solutes derived from the Mountain-1 subcatchment (f X ) and runoff (Q) at the Mountain-2 catchment. f X was calculated using concentration-runoff measurements done at both sites at the same time (equation (3)). Small gray symbols represent the elements for which the f X -Q fit had a p-value above 0.1. The color of the larger symbols represents the degrees-of-freedom adjusted R 2 value of the C-Q power law fit. Error bars are the 95% confidence interval of the b exponent value. Note that the set of analyzed trace elements is slightly different from Figure 8 due to the data available. f X -Q relationship derived from n 5 43 for major solutes and n 5 7-9 for trace elements (see supporting information Figure S4 ).
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The lowland tributaries (the Chiribi and the Colorado) primarily drain younger (Holocene to Paleogene) deposits, which may explain their distinct concentrations and C-Q responses of many elements (supporting information Table S1 ) relative to the Andean tributaries. Additionally, there is significant gold mining activity on the banks of the lower Madre de Dios River and especially within the Colorado subcatchment [Asner et al., 2013] , and these activities may have an effect on the dissolved concentrations of some trace elements.
The Potential Role of Heterogeneous Geomorphology
Increasing catchment area across our study sites results not only in a more complex lithology but also in a much larger drained elevation range (Table 1 ). The elevation gradient in the eastern Andes is strongly associated with gradients in precipitation [Espinoza et al., 2009; Clark et al., 2014] and erosion rates [Safran et al., 2005] . Precipitation and erosion are both thought to exert strong controls on solute generation via chemical weathering [West, 2012; Maher and Chamberlain, 2014] , so the increasing heterogeneity in these parameters could also explain the increasingly stronger mixing effects downstream.
Previous work has shown that the rainfall distribution is fairly uniform in the Mountain-1 catchment, whereas the Mountain-2 catchment spans a larger range of elevations and therefore a large precipitation gradient [Clark et al., 2014] . During the wet season, a large proportion of the runoff is generated in a relatively narrow elevation range within the lower part of the catchment (outside of what is the Mountain-1 subcatchment), whereas during the dry season the precipitation distribution is more even, allowing for a larger contribution from Mountain-1. The precipitation distribution is even more heterogeneous in the Alto MdD (sampled at Mountain-front) and in the full MdD (sampled at Foreland-floodplain) catchments, potentially causing the larger variability of element C-Q relationships observed at these sites (Figure 4) . A companion paper [Torres et al., 2017] shows that the seasonal variations in tributary mixing proportions at the Foreland-floodplain site are consistent with the spatiotemporal rainfall patterns across the MdD catchment [Torres et al., 2017, Figures 6 and 8] .
Additionally, the highly dampened amplitude of seasonal water isotope variations at the Andes Mountains sites suggests significant water storage in deep fractures within the shale and granite bedrock of the Kosñipata catchment [Clark et al., 2014] . A less dampened amplitude of water isotope variations in the Foreland-floodplain [Ponton et al., 2014] suggests that fluid flow paths may be shallower and transit times shorter in the lowland catchments, which could manifest as differences in the chemistry of Andean versus lowland tributaries [Torres et al., 2015] .
Spatial heterogeneity in a number of other catchment properties, such as hillslope steepness, vegetation cover, erosion, and landslide rates, to name a few, also scale with catchment area and may impact C-Q dynamics at our study sites. For example, Clark et al. [2016] showed that the lower portion of the Kosñipata catchment has a higher landslide occurrence rate compared to the upper part, likely due to steeper slope angles and more frequent intense precipitation events. Landslide events have been shown to impact chemical weathering rates [Emberson et al., 2015] and therefore may contribute to spatiotemporal variability in riverine solute concentrations.
The Potential Role of Colloid Dynamics and Nonconservative Behavior
The association of certain trace elements with colloidal particles may also play an important role in C-Q dynamics, especially in the Foreland-floodplain, where lowland tributaries are likely to supply abundant organic compounds [e.g., Stallard and Edmond, 1983; Benedetti et al., 2003] . While changes in element sizepartitioning between soluble and colloidal phases would not affect the bulk concentrations investigated here, colloidal particles may help remove elements from solution if they were to aggregate [e.g., Benedetti et al., 2003; Aucour et al., 2003; Bouchez et al., 2011; Mulholland et al., 2014] to form particles large enough to be caught in our filters (>0.2 lm). However, in our data set, there does not appear to be a consistent pattern in trace element size-partitioning along the geomorphic gradient that could explain the near-universal change in trace element C-Q dynamics from Mountain-1 to Mountain-2 and further to the Foreland-floodplain. For example, Ba and V are only found in the soluble phase across all sites, whereas a significant fraction of Fe and Nd are found in the colloidal phase ( Figure 6 ). Mn and Co become strongly associated with colloids only in the Foreland-floodplain, which may explain their overall lower concentrations at that site (Figure 2 ). Despite this variable size-partitioning, all these elements are generally correlated with each other across all four sites investigated ( Figure 5 ) and display variable C-Q behavior that is uncorrelated with their size-partitioning (Figure 4 ). There is, however, the possibility that the size-partitioning of certain elements is also dependent on runoff and seasonality, The importance of changes in the size distribution of different elements can also be explored by evaluating their behavior during mixing. The tributary mixing model allows us to compare the concentrations measured at the Foreland-floodplain site to those predicted if mixing of all tributaries were conservative for each investigated element (Figure 10 ). Since the mixing model is calibrated using Na and Cl (section 2.4.3), their behavior is by definition conservative. In the case of Si and SO 4 , the modeled and measured concentrations agree within uncertainty. This result is unsurprising, as these solutes are generally considered conservative. Nevertheless, it helps to confirm the robustness of the mixing model and the calculated tributary mixing proportions (Figure 7 ). Many trace elements behave for the most part conservatively as well (Li, Al, Cu, Cr, V, Mo, Zn) , whereas a few in particular (Mn, Nd, Fe, Co, Cd) are strongly affected by nonconservative reactions (Figure 10) . It is therefore possible that the latter elements are lost from solution due to coagulation of colloids-indeed, Mn, Fe, Nd, and Co are all primarily colloidal (Table 4, Figure 6 ) and also are most strongly removed from solution at some point during tributary mixing between the Mountain-front and Foreland-floodplain sites (Figure 10 ). Alternatively, adsorption onto suspended load may play a role in their loss from solution. Whatever the cause, nonconservative behavior would have to systematically shift with runoff for it to affect the observed C-Q relationships.
A link between nonconservative behavior and runoff could result from runoff-dependent in-channel water residence time, or from changes in solution chemistry due to variable tributary mixing, which would affect the thermodynamic state of the solution and the kinetics of reactions between the suspended and dissolved load (e.g., dissolution of bed load material or precipitation of secondary minerals). Many primary and secondary mineral saturation indices may vary with runoff, but this variability is difficult to assess without robust pH constraints (see section 2.4.4). Nevertheless, it does appear that several primary minerals, e.g., K-feldspar and albite, are likely to be relatively close to equilibrium or even potentially supersaturated (SI 5 -2 to 1), and various shale-sourced and secondary clays are consistently supersaturated (SI 5 2-15), across all sites and regardless of runoff (supporting information Table S5 ). The nearequilibrium chemistry may help buffer the concentrations of some solutes, e.g., resulting in the relatively chemostatic K and Si behavior (Figure 4) , though more robust thermodynamic calculations would help test this hypothesis. On the other hand, calcite and dolomite remain undersaturated (SI 5 -3 to 22, in most cases), suggesting a smaller buffering capacity, which is consistent with the lower b exponents for carbonate-associated elements such as Ca, Mg, and Sr. Carbonate undersaturation also helps explain the mixing model results showing the nonconservative addition of dissolved Ca, Mg, Sr, and Ba during fluid transit across the floodplain in both seasons (Figure 10 ), most likely due to continued carbonate dissolution in or nearby the river channel (i.e., in the riparian and hyporheic zones). This observation supports previous indications of continued carbonate dissolution during transport, based on suspended load chemistry in the lower reaches of this river system [Bouchez et al., 2012] .
In the case of trace elements such as Al, Fe, Mn, Nd, Cr, and Co, nonconservative removal would have to be stronger in the dry season to cause positive C-Q b exponents (Figure 4) . Thermodynamic calculations indicate that a large number of secondary oxides and clays are supersaturated in the river water (supporting information Table S5 ). The supersaturation of many phyllosilicates, such as kaolinite and smectite, appears to be higher during low runoff, while the reverse is true for Al and Fe oxides, such as gibbsite and Fe(OH) 3 . Whether these changes are sufficient to explain C-Q dynamics remains to be determined, since we do not know the detailed association of specific trace elements with different secondary phases. However, there does not appear to be a consistent seasonal trend in the nonconservative loss of trace elements from solution ( Figure 10 ).
Other factors that are outside the scope of this study, such as the rates of secondary phase precipitation reactions, the concentration and composition of dissolved organic matter, and mineral surface adsorption dynamics are all likely to vary in some way with runoff and to influence the observed trace element C-Q relationships. Finally, the mixing model used here, based on sampling at two time-points, is unlikely to be capturing the full dynamics of nonconservative behavior. Altogether, the potential for physical and chemical processes within or near the river channel to alter solute concentrations is poorly constrained but our analysis demonstrates that it could potentially act in concert with changes in water sources (see sections 4.3.1 and 4.3.2) to impact both major and trace element C-Q dynamics (Figure 10 ). This conclusion is in agreement with data recently obtained from a small catchment in Santa Catalina Mountains in Arizona, USA, where colloidal dynamics have been shown to strongly influence the observed trace element C-Q relationships [Trostle et al., 2016] . Colloidal and in-channel processes deserve more careful investigation in the future.
Implications for the Interpretation of C-Q Relationships
Our data indicate that changes in tributary mixing proportions contribute significantly to determining the C-Q relationships of some elements across the sites in this study. These results suggest that other studies investigating temporal variation of solute chemistry should carefully consider the potential role of mixing and tributary aggregation effects, including at the scale of catchments 100 km 2 in area. Many of the catchments studied in detail in past work have been of this size [e.g., Tipper et al., 2006; Godsey et al., 2009; Calmels et al., 2011; Ibarra et al., 2016] . Isolating the effects of hillslope-scale processes, such as variations in mineral and fluid residence times [cf., Torres et al., 2015] , therefore will require either explicitly addressing tributary mixing effects or focusing attention on even smaller, more homogeneous catchments.
In addition, elemental ratio-runoff or isotopic ratio-runoff relationships could similarly be influenced by aggregation. In the case of very large river systems, the effect from mixing of tributaries with distinct isotopic composition has been readily acknowledged when interpreting dynamics of solute isotope ratios [e.g., Cardinal et al., 2010; Tipper et al., 2012; Voss et al., 2014; Henchiri et al., 2016] . However, many studies of smaller systems have interpreted elemental-runoff or isotope ratio-runoff relationships as reflecting changes in weathering style and cation sources (e.g., carbonate versus silicate), attributed to either changing fluid flow paths in idealized hillslopes [e.g., Galy and France-Lanord, 1999; Calmels et al., 2011; Mavromatis et al., 2014; Torres et al., 2015] or thermodynamically induced changes in mineral reaction rates [e.g., Georg et al., 2006; Tipper et al., 2006; Moon et al., 2007] . Our study suggests that to allow such interpretations, the spatial homogeneity of a catchment has to be established, i.e., all the tributaries should have similar ratios and should have similar ratio-runoff relationships. If they do not, then it has to be established that the ratio-runoff relationship at the sampled site is not due to variable tributary mixing upstream before the change of elemental or isotopic ratio can be robustly interpreted as a weathering reaction response to hydrology.
Conversely, the isotopic composition of solutes and their variations with runoff can provide additional evidence of mixing processes (or lack thereof). For example, the companion paper [Torres et al., 2017] shows how the isotopic composition of sulfate can be used to confirm that mixing is the first-order driver of observed sulfate chemistry variations with runoff at the Foreland-floodplain site. Therefore, in cases where tributaries have distinct solute isotope compositions (e.g., due to lithologic differences), they can be used to track solute generation in different parts of a catchment and how it varies with time or hydrological regime.
Conclusions
We have investigated the concentration-runoff (C-Q) dynamics of a suite of major and trace elements in nested catchments spanning the gradient from the Andes Mountains to the Amazon Foreland-floodplain. Compared to major solutes, trace element concentrations vary more and over shorter time scales. Whereas most major solutes display some degree of dilution with increasing runoff (negative power law b
Water Resources Research 10.1002/2016WR019729 exponents), most trace elements either show no relationship with runoff or exhibit higher concentrations at high runoff (positive power law b exponents). The differences between major and trace element behavior become stronger with increasing catchment area and elevation range.
The observed concentration-runoff relationships appear to be strongly influenced by variations in tributary mixing that are correlated with runoff, potentially explaining the decoupling in major and trace element behavior. As catchment area and drained elevation ranges increase, so does the spatiotemporal variability in precipitation, resulting in more systematic variations in tributary mixing ratios. Because different tributaries exhibit different concentration ranges and C-Q patterns of some elements, a change in their mixing proportions has an effect on the C-Q relationship observed downstream. The variable tributary C-Q relationships could be the result of spatial variability in geomorphology, lithology, or precipitation, or any combination thereof. Tributary mixing affects both major and trace elements to variable degrees and is observed across the range of nested catchments.
Additional controls on trace element concentrations may be imposed by the association of some elements with colloidal particles, as well as nonconservative behavior (removal from or addition to solution) during transport-for example, during mixing of tributaries with distinct solid or dissolved chemical compositions.
Further research is needed, however, to assess how changes in runoff may affect these processes and to constrain their effect on concentration-runoff dynamics.
Overall, our results suggest that in the Kosñipata and Madre de Dios watersheds, and potentially other watersheds of similar size (>160 km 2 ) and perhaps even smaller, concentration-runoff relationships are governed not solely by the weathering reactions and the intrinsic properties of the critical zone but also by heterogeneity of solute generation and runoff generation within catchments. While this may not be the case for all catchments, inferences about hillslope-scale solute generation models and trace element behavior under changing hydrological conditions should carefully consider the potentially confounding effects of mixing as observed here. Multiple trace elements appear especially sensitive to spatial heterogeneity in catchment lithology and/or geomorphology in our studied system.
